In the present study, the performance of catalytic wet oxidation (CWO) was investigated for the treatment of 
Introduction
Pulp and paper mills are categorized under one of the major water intensive industrial sectors. Consequently, a large volume of wastewater is generated from a pulp and paper unit which contains intense color and low biodegradability. Among various unit operations, raw material digestion followed by digested pulp washing produce highly contaminated and colored wastewater due to the solubilization of lignin which is separated from raw material. Though pulp and paper mills should recover lignin for use in boilers, several small and medium scale paper mills do not have proper lignin recovery facilities. Hence, the pulping effluent is sent to an effluent treatment plant with other wastewater streams generated from various unit operations. 1 Besides, the spilled black liquor from the digesters is also diverted to the wastewater treatment plant. The presence of lignin makes the wastewater unsuitable for conventional biological treatment.
Hence, the present study explores the hydrothermal oxidation to treat simulated pulping effluents which are generated from large and small scale pulp and paper mills. The nature of compounds (such as lignin) may differ in the effluents due to different raw materials. [2] [3] [4] Moreover, the composition of various constituents such as cellulose and hemicellulose is also changed in the wastewater. 5 Generally, large scale paper mills utilize wood as a main raw material while small paper manufacturing units depend on the seasonal availability of several agri-residue based waste materials like sugarcane bagasse, rice husk etc. In large scale pulp and paper mills, kra pulping is employed whereas small scale units produce pulp using soda process.
Wet oxidation (WO) is a potential hydrothermal treatment for the partial or complete oxidative degradation of recalcitrant organic and inorganic pollutants present in industrial effluents at elevated temperature (125-320 C) and pressures (0. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] MPa). 6 Air or molecular oxygen can be used as oxidant. For commercially viable process, the capital and running costs of the treatment may be reduced by the addition of non-noble metal based catalyst. [7] [8] [9] The catalyst should be robust, recyclable and widely acceptable. Catalytic hydrothermal oxidation (termed as catalytic wet oxidation (CWO)) would reduce intense temperature and pressure requirements and is expected to produce biodegradable aqueous stream rich in low molecular carboxylic acid (such as acetic acid) which can be utilized by microbes as carbon source in post-treatment biological oxidation process.
In our research group, several studies have been performed on the treatment of synthetic as well as simulated pulping effluent using CWO process. [10] [11] [12] [13] [14] [15] In these studies, the performance of mono and bimetallic supported catalysts was explored. Copper and manganese have been used as active metal species while activated carbon (AC), alumina (Al 2 O 3 ) and ceria were used as the catalyst support. In few bimetallic supported catalysts, ceria was also used either with Cu or Mn as active metal while AC and Al 2 O 3 were used as support material. Among various solid catalysts, Cu/Ce/AC exhibited promising results for the degradation of ferulic acid. However, its performance on the simulated pulping effluent was yet to be ascertained. Metal leaching and contribution of homo-catalytic reaction and/or adsorption processes on organics removal is also not well studied for pulping effluent. Up to the best of our knowledge, only few researchers studied the contribution of leached metal ion for phenolic wastewaters. 16, 17 Some studies have looked into the metal leaching during CWO of model compounds has been reported. [18] [19] [20] [21] However, the role of leached metal on hetero-catalytic CWO performance has not been covered in most of the studies.
Therefore, the present study was aimed to evaluate the performance of Cu/Ce/AC catalyst on two simulated wastewater samples from different pulping processes, namely, kra and soda processes with the prediction of the extent of adsorption and homo-catalytic oxidation reactions. The changes in wastewater characteristics were determined qualitatively by Fourier transform infrared (FTIR) spectroscopy and 13 C NMR (nuclear magnetic resonance) analyses. Apart from this, catalyst reusability studies were also conducted.
Materials and methods

Chemicals and wastewater samples
The chemicals used in this study such as NaOH, Cu(NO 3 ) 2 -$3H 2 O, CeCl 3 $7H 2 O and AC were of analytical grade and purchased from Merck Chemicals Mumbai, India. The wastewater samples (termed as WW1 and WW2) subjected to CWO were representative of pulping effluents generated in large and small scale industries using kra and soda pulping processes, respectively. For the preparation of simulated pulping wastewater from a large scale industry, the concentrated black liquor was collected from a wood based pulp and paper industry using kra pulping process. To obtain the representative wastewater from small scale pulp and paper mill, the sugarcane bagasse was digested in our laboratory by soda pulping process. The schematic of sugarcane bagasse digestion process is presented in Fig. 1 . Washed and oven-dried sugarcane bagasse was depithed manually and chopped into small pieces ($2 cm length). Subsequently, sugar was removed from the resulting material aer soaking in tap water. The oven-dried material was added to 15% Na 2 O solution (solid to liquid ratio (w/v) ¼ 1 : 6) and digested in a high pressure vessel (capacity ¼ 2 L) at 170 C temperature for 90 min duration. The digested material was then washed twice with tap water and ltered through a sieve (pore size ¼ 1 mm). The ltrate (i.e., concentrated black liquor) was collected for the experimental study.
To simulate the characteristics of wastewater generated from the pulping section of large and small scale pulp and paper mills, the concentrated wastewater samples obtained from the industry and prepared in the laboratory were diluted 10 times and 2.5 times, respectively using tap water and stored at 4 C temperature.
CWO experimentation and wastewater analysis
The heterogeneous catalyst was synthesized by impregnation method in two compositions (on mass basis): 30Cu/30Ce/40AC and 15Cu/15Ce/70AC. Commercial AC was also modied by heating at 300 C temperature in absence of oxygen for 2 h in a muffle furnace before using for experimental study. The catalyst preparation method and its characteristics such as Brunauer, Emmett and Teller (BET) surface area and pore analysis, X-ray diffraction pattern (XRD), scanning electron microscopy (SEM), temperature programmed reduction (TPR), Fourier transform infrared (FTIR) imaging and thermogravimetric analysis (TGA) have already been discussed elsewhere.
13,15
The heterogeneous AC supported catalyst was tested for CWO of diluted pulping effluents (WW1 and WW2) at 190 C temperatures (T) and 0.9 MPa initial O 2 pressures (P O 2 ) (total system pressure ¼ 2.15 MPa). In addition, the untreated as well as modied AC were also used as catalysts for CWO process. Generally, a catalyst concentration of 3 g L À1 was used for majority of CWO runs. The enhanced catalyst concentration of 6 g L À1 was added only in few runs. The duration of a typical oxidative run was 3 h. The diluted wastewater samples from large and small scale pulp and paper units are represented as WW1 and WW2, respectively. The wastewater pH was adjusted to 8.5 before introducing it in 700 mL capacity high pressure stainless steel (SS) reactor. The experimental setup details have been furnished in another place. 12 For CWO runs, typically 250 mL wastewater was taken in the reactor. Pre-determined concentration of catalyst was directly added into the reactor. Approximately 5 mL of wastewater sample was withdrawn from the reactor once the preset reaction temperature was achieved (termed as 'zero time' sample). Then the desired oxygen pressure level was introduced into the reactor by means of oxygen cylinder and mixing of reactor contents was started using mechanical stirrer (rotating speed ¼ 1000 rpm). The small aliquots of liquid ($5 mL) were withdrawn during the reaction Fig. 1 Step-wise procedure for the preparation of concentrated pulping effluent simulating to that generated from small scale pulp and paper mills using bagasse as raw material.
and analyzed for pH, lignin, total organic carbon (TOC), and chemical oxygen demand (COD) while the selected samples were subjected to 5 day biochemical oxygen demand (BOD 5 ) and color determination. All WO/CWO runs were conducted in duplicate.
pH of the wastewater samples was measured with a digital pH meter (Model and Make: Polmon, LP-139S, India). Shimadzu TOC analyzer (Model and Make: TOC-VCSH, Japan) was used to determine TOC of untreated and treated wastewater samples, while COD and BOD 5 were determined according to the prescribed closed reux and modied Winkler's methods, respectively.
22 Solids in the effluent were determined by drying the wastewater sample (before and aer ltration with 1.2 mm lter) in a hot air oven (Aditi Associates, Mumbai, India) at 105-110 C temperature till a constant mass was reached. 22 Ammonium nitrogen (NH 4 + -N) and nitrate nitrogen (NO 3 À -N) in the wastewater samples were measured by ammonium and nitratenitrogen probes (HACH, USA) using a multi-parameter analyzer (HQ30d, HACH, USA). Alkalinity of the wastewater was measured by titrimetric method. 22 The change in color was determined by recording absorbance of the samples at 465 nm on the spectrophotometer (Model and Make: UV-1800, Shimadzu, Japan). . 13 C NMR analysis was performed using NMR spectrometer (Model and Make: Mercury Plus 300 MHz NMR spectrometer, Varian, USA).
For lignin estimation, the simulated pulping effluents (WW1 and WW2) were precipitated by lowering the pH to 2.5 using concentrated H 2 SO 4 . The precipitate was then ltered and dried in a hot air oven at 100 C temperature for 24 h. The ltered residue was assumed to be available lignin in wastewater. Different concentrations of the precipitated residue were prepared aer dissolving the certain quantity of the solid in alkali solution (1 M NaOH). To obtain calibration curve, the absorbance of liquid samples with different concentration of the precipitated residue was measured at 280 nm wavelength on a UV spectrophotometer (Model and Make: UV-1800, Shimadzu, Japan). The similar procedure has been adopted by several researchers in the past.
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The adsorbed quantity of carbonaceous compounds on the surface of the catalyst aer CWO runs was also determined. To determine this, no wastewater sample was withdrawn during the reaction. The solids were recovered from the treated wastewater using 0.2 mm lter paper and dried in a hot air oven at 103 C temperature for 24 h. The dried material was dissolved in aqua-regia to quantify the adsorbed organics (in terms of TOC value) on the catalyst surface. 
Results and discussion
Characteristics of wastewater samples (WW1 and WW2)
Detailed characteristics of the diluted wastewater samples (analyzed in triplicate) are given in Table 1 . Both the wastewater samples were highly colored and alkaline (pH ¼ 10.5 and $12) in nature. The diluted wastewater samples have a COD of 15 000 and 17 000 mg L
À1
, respectively while biodegradability ratio (i.e., BOD 5 : COD) was 0.26 and 0.31, respectively, which is much lower than the recommended biodegradability limit of 0.5. 27 Hence, some non-biological pretreatment can be justied to enhance the biodegradability of pulping wastewaters. Apart from this, the wastewater samples contained high total dissolved solids (TDS) and low nitrogen levels.
CWO results
The performance of Cu/Ce/AC catalyst was studied during the oxidative treatment of WW1 and WW2 and the results were compared to those obtained aer non-catalytic and AC (untreated and modied) catalyzed WO. Furthermore, an effort was made to predict the contribution of homo-catalytic and hetero-catalytic reactions for COD removal from wastewater. The effect of the composition and concentration of the heterogeneous catalyst on the performance of CWO was also determined.
3.2.1. Performance of CWO for WW1. The results obtained from WO/CWO of WW1 conducted at 190 C temperature and 0.9 MPa oxygen pressures are shown in Fig. 2 . Around 7-17% COD removal was observed during the heating period only (Fig. 2a) . In this duration, COD removal with AC only (untreated as well as modied) was $13% compared to $17% observed with the bimetallic supported catalysts (15Cu/15Ce/70AC and 30Cu/ 30Ce/40AC). During CWO, adsorption and hydrolysis could have contributed to the removal of COD in initial heating phase. It was noted that the overall organics removal during WO/ CWO was occurred in two steps: fast degradation up to 30-60 min followed by the slower reaction for the remaining period. With 3 g L À1 of catalyst concentration (C cat ), the maximum COD and TOC removals of $76% and 77%, respectively, were achieved in the presence of 30Cu/30Ce/40AC catalyst which was much higher than 55% and 53%, respectively, obtained aer non-catalytic WO (duration ¼ 3 h) ( Fig. 2a and b) . The reduction in metal content in the catalyst (i.e., with 15Cu/ 15Ce/70AC) caused slightly inferior COD and TOC removals ($73%) from the wastewater. In the presence of untreated and modied AC, the overall COD and TOC removals were further reduced to $63% and $60%, respectively. The results clearly showed the favorable effect of the metals on the degradation of pollutants present in aqueous medium. By increasing 15Cu/ 15Ce/70AC catalyst concentration to 6 g L À1 , the COD removal was enhanced to $79% almost similar to that obtained with 30Cu/30Ce/40AC catalyst. The order of the activity of various catalysts for COD and TOC removals during CWO reaction was as follows (in decreasing order):
Aer 3 h reaction, the color removal from WW1 was 92% and 88% in the presence of 30Cu/30Ce/40AC and 15Cu/15Ce/70AC catalysts (C cat ¼ 3 g L À1 ), respectively, under the same reaction conditions (Fig. 2c) . Like COD results, marginally better color removal from WW1 was observed with 6 g L À1 of 15Cu/ 15Ce/70AC catalyst. In comparison, the color removal aer 3 h duration non-catalytic WO was only 73%. Similar results were observed for lignin removal from WW1 (Fig. 2c) . During WO/CWO reaction, the biodegradability ratio of WW1 was determined for the samples collected at zero time, 15 min and 180 min (Fig. 2d) . No substantial improvement was observed in the rst 15 min of reaction (except for the run with 6 g L À1 of 15Cu/15Ce/70AC catalyst). However, biodegradability of the treated wastewater was enhanced to 0.48-0.52 aer all catalytic runs with 3 g L À1 catalyst concentration whereas the ratio was increased to 0.44 aer non-catalytic WO reaction. At the end of reaction, pH of the treated wastewater was reduced to 6.6-7.4 from an initial value of 8.5. The drop in pH was attributed to the formation of low molecular weight acids in aqueous phase during the reaction.
The removal of contaminants is caused by a combination of multiple reactions which include adsorption, oxidation, homo- catalysis and thermal hydrolysis. To conrm the contribution of adsorption, the catalyst samples were recovered and subjected to TOC analysis aer dissolving in aqua-regia. Aer 3 h of CWO reaction, only 1-2% of the initial wastewater TOC was found adsorbed on the surface of various catalysts (i.e., 80-100 mg L
À1
). The contribution of homo-catalytic reaction and thermal hydrolysis are discussed later.
It can be suggested that both non-catalytic as well as catalytic oxidation were capable of increasing the biodegradability of WW1 signicantly. The color in the WO treated wastewater was much intense compared to that observed aer treatment with supported bimetallic catalyst. In addition, the COD of WO treated wastewater was still on higher side which would demand more oxygen for the post aerobic biological treatment process. Hence, the catalytic oxidation can be suggested as suitable method for the treatment of pulping effluent from wood based pulp and paper mill.
Performance of CWO for WW2.
The WO/CWO reaction conditions for WW2 treatment were similar to those employed for WW1 (i.e., T ¼ 190 C, P O 2 ¼ 0.9 MPa and C cat ¼ 3 and 6 g L À1 ). The ndings from the study are shown in Fig. 3 .
The COD, TOC, color and lignin reduction patterns were found identical with those obtained with WW1 though the overall percent removal from all these parameters was slightly lower. For example, the maximum COD and TOC removals of 71% and 67%, respectively, could be achieved in the presence of 30Cu/30Ce/40AC catalyst (C cat ¼ 3 g L À1 ) compared to $76% and 77% reductions obtained for WW1 (Fig. 3a and b) . Aer noncatalytic WO reaction, the removal in both parameters was only 52% and 50%, respectively. Doubling 15Cu/15Ce/70AC catalyst concentration from 3 g L À1 to 6 g L À1 improved organics removal slightly which was comparable to that found in the presence of 30Cu/30Ce/40AC catalyst (C cat ¼ 3 g L
À1
). It was observed that only 1-2% of the initial wastewater TOC was adsorbed on the surface of various catalysts aer 3 h of CWO reaction. It can be observed from Fig. 3c that the presence of 30Cu/30Ce/40AC catalyst (C cat ¼ 3 g L
) caused the maximum lignin and color removals of 86% and 88%, respectively aer CWO run.
The change in biodegradability of wastewater with time is illustrated in Fig. 3d . Final biodegradability of the wastewater was increased to 0.55 aer reaction in the presence of 15Cu/ 15Ce/70AC catalyst (C cat ¼ 6 g L À1 ) from an initial wastewater biodegradability of 0.31. Aer 3 h of WO/CWO reaction, nal pH of the wastewater (i.e., WW2) was reduced to 6.2-7.7 from the initial value of 8.5. In summary, the organics removal from WW2 was slightly lower than that obtained with WW1 which clearly indicates the different nature of compounds in two wastewater streams. For example, lignin content in WW2 was lower than WW1 but there would be other compounds (like sugar from bagasse) contributing to COD of the wastewater WW2.
Hydrothermal studies on WW1 and WW2 in absence of oxygen at room temperature (RT) and 190 C temperature
The hydrothermal studies on both the wastewaters (i.e., WW1 and WW2) were performed in absence of external oxygen at RT ($30 C) and reaction temperature (i.e. 190 C) in the presence of 30Cu/30Ce/40AC and 15Cu/15Ce/70AC catalysts (C cat ¼ 3 g L
À1
). The COD and TOC removals achieved aer the hydrothermal study are shown in Fig. 4a and b .
The maximum removals in COD and TOC were 34% and 33%, respectively, with 30Cu/30Ce/40AC catalyst during thermal treatment of WW1 at elevated temperature (¼190 C) in oxygenstarved condition whereas the reductions in these lumped parameters were only 13% and 12%, respectively when the reaction was performed at room temperature. Similarly, for WW2, the maximum removals of 31% and 30% in COD and TOC, respectively, were found at elevated temperature with the same catalyst compared to only 12% and 10% reduction in corresponding parameters achieved at room temperature. The enhancement in organics removal at elevated temperature conditions may be attributed to the hydrolysis, decarboxylation and oxidation (due to the presence of O 2 in the reactor head space and catalyst lattice) reactions in addition to the adsorption. A slight reduction in the treated wastewater pH also conrmed the change in nature of parent organic compounds during the hydrothermal treatment. However, no considerable improvement in biodegradability of WW1 and WW2 was observed.
Leaching of metals from the catalysts during CWO of WW1 and WW2
Leaching of the metal species from the solid catalysts was determined in the treated wastewater samples withdrawn periodically from the reactor during 3 h of CWO reaction. For both the wastewaters (i.e., WW1 and WW2), copper leaching was signicant in the beginning of reaction (Fig. 5) . It can be seen that the copper leaching at 'zero time' during CWO of WW1 and WW2 was 300-311 ppm and 31-56 ppm, respectively. In case of CWO of WW1, the dissolved copper concentration continued to decrease till 90 min of reaction and then remained almost unchanged (nal copper concentration in treated WW1 ¼ 7-27 ppm). During CWO of WW2, the dissolved copper concentration was increased to $300 ppm within rst 15 min of reaction and then reduced to 9-40 ppm by the end of reaction.
Based on the above observations, it can be suggested that the catalyst should be washed with hot water before using for CWO reaction to remove any loose metal content from its matrix. The decrease in copper leaching with reaction time can be explained using the previous studies according to which the dissolved copper may form complex compounds aer reacting with organic intermediates which are eventually removed with the heterogeneous catalyst. 28, 29 The other reason may be the conversion of dissolved copper in insoluble form at a pH ranging from 6-8.
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For conrmation, a few runs were conducted at ambient temperature in a beaker containing distilled water mixed with homogeneous copper salt to nd the extent of copper precipitation at the wastewater pH observed aer CWO runs. For these runs, 100 mL distilled water was taken in a glass beaker and its pH was adjusted to 8.5 which was the same as of initial wastewater pH used in the present CWO study. In distilled water, 300 mg L À1 copper (in the form of copper sulfate) was added and the mixture was stirred for 3 h duration. The pH of nal solution was measured as 6.7 which is in the range of pH observed aer CWO treatment. The solution was ltered and the ltrate was subjected to copper determination. It was found that the solution had insignicant copper in dissolved form which means that almost entire copper was precipitated out at this pH of the aqueous solution. However, the presence of other compounds in the actual wastewater and elevated reaction conditions may also inuence the copper precipitation. On the basis of the above experiment, it can be inferred that the leached copper would have transferred to solid phase during the reaction.
Effect of homogeneous copper during CWO of WW1 and WW2
As discussed in the previous section, signicant copper leaching was observed in the initial phase of CWO reaction. Hence, the contribution of homogeneous copper ion on overall COD and TOC removals from the wastewater was also investigated. The copper ion concentration of 300 ppm (the maximum leached amount) was used at the same reaction conditions (T ¼ 190 C and P O 2 ¼ 0.9 MPa). Two runs at different initial pH were carried out in duplicate. In the rst run, the initial pH was adjusted to 8.5 before adding copper ions in the solution while in other run, the pH was adjusted to 8.5 aer adding copper ions. In rst case, the starting reaction pH was 7.3 and 7.0 for WW1 and WW2, respectively. The results shown in Fig. 6a and b suggest that the initial reaction pH has no effect on the reductions of COD and TOC from both the wastewaters. For WW1, the removals in COD, TOC, lignin and color were about 67%, 64%, 82% and 81%, respectively, aer 3 h of CWO reaction whereas the removals in corresponding parameter were $61%, 58%, 82% and 82% for WW2 (Fig. 6a-c) . Aer the homocatalytic treatment, biodegradability ratio of WW1 and WW2 was enhanced to $0.50 aer the reaction (Fig. 6d) . Like earlier observations, the reduction in dissolved copper concentration was also observed with time (nal copper concentration ¼ 37-55 ppm). From the above results for WW1, the contribution of homocatalytic and hetero-catalytic reactions can be explained. In absence of catalyst, the COD removal was 55% (Section 3.2.1) whereas in the presence of heterogeneous 30Cu/30Ce/40AC catalyst and homogeneous copper catalyst, the removal was 76% and 67%, respectively. It can be stated that hetero-catalytic oxidation caused 21% additional COD removal compared to non-catalytic WO. Out of additional 21% COD removal with heterogeneous catalyst, $10% can be attributed to the homocatalytic reaction which is expected to occur due to dissolved copper. So it can be stated that $48% of the total additional COD removal (obtained aer CWO with heterogeneous catalyst) may be the contribution of homo-catalytic reaction mediated by dissolved copper. Similar inference can be drawn for WW2.
FTIR and
13 C NMR analyses of WW1 and WW2 samples before and aer CWO treatment FTIR and 13 C NMR techniques were used for untreated and treated WW1 and WW2 samples to detect change in the nature of compounds (Fig. 7 and 8) . The nal samples obtained aer treatment at 190 C temperature and 0.9 MPa oxygen pressure with 3 g L À1 concentration of 30Cu/30Ce/40AC catalyst were used for the analyses. The peaks obtained in FTIR spectra (Fig. 7 and Table 2 ) were assigned to specic functional groups found in lignin as reported in the previous studies.
31-37
From the gure, it can be seen that some additional peaks were formed at 880 cm À1 and 2700-2800 cm À1 , which indicates the C-H out-of-plane in the carbon position 2, 5 and 6 of G units and CH symmetric stretching, respectively. Moreover, strength of the few peaks was changed in FTIR spectra of the treated wastewater samples (e.g., 621-650 cm À1 and 1127-1153 cm À1 ). 13 C NMR spectra for both wastewater samples (WW1 and WW2) show the peak locations (Fig. 8) . Their assignments to the relevant chemical groups were predicted (Table 3 ) from the information available on lignin.
31-33,38-41 The major lignin linkages such as b-O-4, b-5 and b-b could be located in the spectra of untreated wastewaters which were disappeared aer treatment. Furthermore, the intensity of peak at $168 ppm was found to increase for both wastewaters aer the treatment which may be due to the formation of low molecular weight compounds having carboxylic groups. At lower chemical shis (i.e., $6-35 ppm), the peaks generally indicate the presence of aliphatic carbon which were also disappeared aer CWO treatment. In summary, NMR analysis conrms the degradation or conversion of lignin during oxidative treatment process.
Reuse of the regenerated catalysts
Aer CWO treatment of WW1 with supported 30Cu/30Ce/40AC catalyst, the wet solid mass was recovered and regenerated by calcination at the same conditions which were used for the synthesis of fresh catalyst (i.e., 300 C temperature for 2 h). The catalyst was reused twice for the oxidation of WW1 under the following operating conditions:
and initial reaction pH ¼ 8.5. The reduction in COD
and TOC values aer second reuse of catalyst was substantially lower than those obtained with fresh catalyst (Fig. 9) . Around 70% and 69% reductions in COD and TOC were obtained aer 3 h reaction aer second reuse of the catalyst, compared to 77% and 76%, respectively, obtained with fresh catalyst. The corresponding lignin and color removals were 88% and 85%, respectively. Nevertheless, biodegradability ratio of the treated wastewater was above 0.5 even aer second reuse of the catalyst.
pH of the treated wastewater was reduced to 6.8 aer the second reuse of the catalyst. Aer the rst reuse, the copper leaching was 52 ppm which was further increased to 60 ppm aer its second time reuse for CWO reaction, however no cerium leaching was observed during reuse of the catalyst. Based our earlier ndings regarding homo-catalytic contribution, it can be predicted that the homo-catalytic oxidation may be dominant mechanism for TOC and COD removals from the wastewater in the CWO runs with regenerated catalysts. Aer 3 runs (fresh and two times reuse), total copper leaching was found to $140 ppm (i.e., $16% of initial copper present in the catalyst).
Conclusions
The study demonstrated at moderate reaction conditions (i.e., T ¼ 190 C, P O 2 ¼ 0.9 MPa, C cat ¼ 3 g L À1 , and initial reaction pH ¼ 8.5) with 30Cu/30Ce/40AC catalyst showed highest COD, TOD, lignin and color removals from both wastewaters (WW1 and WW2). Biodegradability ratio of the wastewaters aer treatment was found to be above 0.5. During the CWO reaction the contributions of homo-catalytic, adsorption and hydrolysis reaction were also conrmed. During CWO with the heterogeneous catalyst (i.e., 30Cu/30Ce/40AC), it was found that both homo-catalytic as well as hetero-catalytic oxidation reactions were equally effective for the removal of COD. The biodegradability of treated WW1 was found unaffected even aer second reuse of 30Cu/30Ce/40AC catalyst though TOC and COD removals were dropped by $6%. 13 C NMR of WW1 and WW2 samples before and aer CWO (with 30Cu/30Ce/40AC catalysts) conrmed the breaking of lignin linkage (like b-O-4, b-5 and bb) aer the treatment. Cerium leaching was negligible from the catalyst showing its thermal stability while $16% of the total copper was leached out aer reusing the catalyst two times.
